Dynamin plays an important role in membrane fission during endocytosis, and its middle domain is involved in the formation of functional oligomers. In this study, we found that replacement of Arg-386 with Gly in the middle domain region of dynamin 1 did not affect the intermolecular interactions of dynamin 1 in the presence of phosphatidylserine-liposomes. But, unexpectedly, this variant showed lower guanosine 5 0 -triphosphatase activity in the absence of phosphatidylserine-liposomes and enhanced monomer formation from oligomers. Our results indicate that GTPase activity in the absence of lipids is important in the dissociation of oligomer complexes, i.e., reduced basal dynamin 1 GTPase activity is associated with instability of dynamin oligomers.
Though Dyn2 is expressed ubiquitously, Dyn1 and Dyn3 are expressed in specific tissues. 4, 5) A major role of dynamin GTPase activity is to produce a mechanical force driving membrane fission during vesicle budding in the endocytic cycle, either by constriction or expansion of the collar surrounding the neck of the invaginated vesicle. 1, [6] [7] [8] For example, dynamin-dependent endocytosis is involved in the intracellular transportation of transferrin (Tf). 9) All dynamins have four functional domains: a GTPase domain, a pleckstrin homology domain (PHD), a GTPase effector domain (GED), and a proline/arginine-rich domain. 1, 10, 11) These domains act in concert in vesicle budding, 12) and multivalent lipid species potentiate dynamin activity via electrostatic interaction. 13) The intermolecular interactions of dynamin are necessary to enhance dynamin GTPase activity 14, 15) and to induce dynamin self-assembly and generate spiral stacks. 6, 12) The middle domain (MD) is located between the GTPase domain and the PHD. 16) The MD, GED, and GTPase domains participate cooperatively in dynamin self-assembly. [17] [18] [19] [20] The region between amino acids (aa) 299 and 348 in the GTPase domain and MD interact with the GED. 19) Three regions, aa323-352 in MD and aa652-681 and 712-740 in GED, are necessary for the formation of dynamin tetramer, 18) and the binding of MD to GED is important both in dimer formation and in the oligomerization of the dimers. 20) The effects of various mutations in the MD of dynamin of various eukaryotes have been investigated. Some genetic missense mutations of dynamin have been identified in patients with Charcot-Marie-Tooth disease. 21) Replacement of Gly-358 with Arg in MD results in slow nerve conduction velocity. 21) Replacement of Arg-465 with Trp in MD blocks receptor-mediated endocytosis in cultured cells. 22) Centronuclear myopathy (CNM) was found to be caused by other missense mutations in the MD of Dyn2. 23) For example, the replacement of Glu-368 with Lys and of Arg-369 with Trp resulted in reduced sensitivity to disassembly of oligomers. 24) In Drosophila melanogaster, replacement of Arg-381 with Gln and, Pro-401 with Ser in shibire, the Drosophila equivalent of dynamin, resulted in temperature-sensitive phenotypes. 16) Human Dyn1 R361S and R399A variants are defective in selfassembly, and the lipid-stimulated GTPase activities of R361S and R399A are drastically reduced as compared with Dyn1 wt.
25) Hence, we focused on the highly conserved aa region (aa356-406) in dynamin middle domain. Recently, Faelber et al. reported that Arg-386 is located in the stalk in the Dyn1, which drives selfassembly. 26) Moreover, they found that positively charged Arg-386 interacts with negatively charged Asp-352 of the neighboring stalk. 26) Here, we examined the effect of replacement of Arg-386 in the MD region with Gly on GTPase activity, oligomer assembly and disassembly, and dynamin-dependent endocytosis.
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Materials and Methods
Plasmid construction. The Dyn1 wt gene was amplified by PCR as described previously. 27) A Dyn1 mutant gene corresponding to the R386G variant was amplified by PCR and a Dyn1 mutant gene corresponding to deletion of aa 519-658 was obtained by restriction enzyme digestion. These Dyn1 genes were cloned into pET21a (Merck, Germany) to create a C-terminally His 6 -tagged protein expression vector. They were also cloned into pEGFP-C1 and pCMV-Flag/-Myc (TaKaRa BIO, Japan) to create GFP-fused protein expression vectors (pEGFP-Dyn1wt and pEGFP-R386G) and Nterminally epitope (Flag/Myc)-tagged protein expression vectors (pCMV-Flag/-MycDyn1wt, pCMV-Flag/-MycR386G and pCMVFlag/-MycÁ519-658) for mammalian cells.
Protein expression, purification, and GTPase assay. Protein expression and purification of C-terminally His 6 -tagged Dyn1 wt and variants were performed as described previously. 27) Malachite Green GTPase assay of the purified proteins and preparation of phosphatidylserine (PS)-liposome were also performed as described previously. 27, 28) GTPase assays were performed in the presence of 5% dimethyl sulfoxide (DMSO) to dissociate partially the GED assembly of dynamin oligomer.
29)
Cell culture and Western blotting. Cell culture, transient transfection, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and Western blotting were performed as described previously.
28) The sources of the antibodies were as follows: monoclonal anti-FLAG M2 antibody (F1804, Sigma-Aldrich, MO); MycTag mouse monoclonal antibody (9B11, Cell Signaling Technology, MA); dynamin-2 antibody (Acris Antibodies, Germany); goat antimouse IgG-HRP (Santa Cruz Biotechnology, CA); and penta-His HRP conjugate (QIAGEN, QIAGEN).
Cell imaging and analysis. HeLa cells were transfected with the plasmids constructed. The transformed cells were incubated with Transferrin Alexa Fluor 633 Conjugate (Alexa-Tf, Life Technologies, NY) for 5 min at 37 C. They were washed with ice-cold 150 mM glycine (pH 2.0), fixed with 4% paraformaldehyde, and observed with a Carl Zeiss LSM510 confocal microscope (63Â/1.4 oil immersion objective). The excitation wavelengths of GFP and Alexa-Tf were 488 and 633 nm respectively. The microscope images were analyzed using ImageJ software version 1.42q (NIH, USA: http://rsb.info.nih.gov/ij/ index.html).
30) The data were analyzed statically by Student's t-test. The calculated values show mean AE SEM.
Co-immunoprecipitation. HeLa cells were transfected with the plasmids constructed. The transformed cells were lysed in lysis buffer (5 mM HEPES pH 7.9, 150 mM NaCl, 5% glycerol, 0.1% Nonidet P-40, 2 mM EDTA, 1% digitonin, and 1 mM phenylmethylsulfonyl fluoride) on ice for 30 min, and the lysates were centrifuged. The supernatants were mixed with appropriate antibodies and incubated with protein G plus-Agarose (Santa Cruz Biotechnology) at 4 C overnight. The agarose was harvested by centrifugation, washed with lysis buffer without digitonin and phenylmethylsulfonyl fluoride, and boiled with SDS-PAGE sample buffer. The boiled samples were resolved on 8% SDS-PAGE gel.
Blue native (BN)-PAGE. BN-PAGE was performed to analyze dynamin oligomer distribution following Schagger et al.
31) Purified His 6 -tagged Dyn1wt and the variants (2 mM) were incubated at room temperature for 30 min with TBS, 30 mM GTP in TBS, 30 mM GTP þ 2 mM PS-liposomes in TBS, or 1% SDS in TBS. The incubated solutions were supplemented with 10 X BN-PAGE sample buffer (5% Coomassie Brilliant Blue G-250, 500 mM 6-aminocaproic acid, 100 mM BisTris-HCl pH 7.0, and 1 mM phenylmethylsulfonyl fluoride), and incubated on ice for 5 min.
The transformed HeLa cells were lysed into lysis buffer, and the lysates were incubated on ice for 30 min. After centrifugation, the supernatants (50 mg of total proteins) were supplemented with 10 X BN-PAGE sample buffer. The samples were incubated on ice for 5 min.
All of the samples prepared were resolved by two-dimensional (2D)-PAGE.
2D-PAGE. Native PAGE 4-16% gel (Life Technologies, NY) was employed for the first-dimensional BN-PAGE (anode buffer, 50 mM Bis-Tris-HCl pH 7.0; cathode buffer, 50 mM Tricine-NaOH pH 7.0, 15 mM Bis-Tris-HCl pH 7.0, 0.02% CBB-G250). When the cathode buffer reached the first third of the gel, it was replaced with the same buffer but without CBB-G250, and separation was continued to the end of the gel. Individual lanes containing dynamin oligomers were cut out, and the oligomers were denatured within the gel using SDS-PAGE running buffer for 10 min at room temperature. The lanes were placed in the stacking gel of SDS-PAGE and resolved by the seconddimensional 8% SDS-PAGE, followed by Western blotting.
Results

PS-liposomes were required for the GTPase activity of the R386G variant
The amino acids in the MD of dynamin isoforms are highly conserved among various species. Arg-386 of Mus musculus Dyn1 is a typical conserved residue among dynamin isoforms, from Drosophila melanogaster to Homo sapiens (Fig. 1A ). Dyn1 wt, R386G, and Á519-658 were employed in this study to investigate whether Arg-386 is required for dynamin function (Fig. 1B) .
In the absence of DMSO, the addition of PSliposomes resulted in a 30-fold increase in the GTPase activity of Dyn1wt-His 6 (Fig. 1C ). This indicates that purified recombinant Dyn1 from E. coli folded correctly and formed an oligomer assembly.
To examine the influence of replacement of Arg-386 with Gly on the assembly of the dynamin oligomer, 5% DMSO was employed to partially dissociate the GED assembly of the dynamin oligomer in GTPase assays. The GTPase activity of Dyn1wt-His 6 showed a 1.7-fold increase on the addition of PS-liposomes in the presence of 5% DMSO (Fig. 1D versus E) . Dyn1wt-His 6 showed GTPase activity independently of PS-liposomes, whereas Á519-658-His 6 did not function independently of PSliposomes in the presence of 5% DMSO ( Fig. 1D and E). The GTPase activity of R386G-His 6 was drastically reduced in the absence of PS-liposomes and in the presence of 5% DMSO ( Fig. 1D and E) . These results indicate that Arg-368 in the MD plays an important role in GTPase activity in the absence of PS-liposomes.
R386G favored the monomer form as compared to Dyn1 wt
The first-dimensional BN-PAGE and the seconddimensional SDS-PAGE were employed to clarify the difference between Dyn1 wt and R386G complex formation (Fig. 2) . Three spots ( Fig. 2A, arrows I , II, and III) corresponding to dynamin oligomers were observed for both Dyn1wt-His 6 and R386G-His 6 . In the presence of 1% SDS as denaturant, a single spot of roughly 150 kDa was observed in both cases, corresponding to the Dyn1wt-His 6 monomer and the R386G-His 6 monomer ( Fig. 2A, dotted frame) .
To examine the influence of dynamin oligomerization on GTPase activity and the role of PS-liposomes, 2D-PAGE analyses were performed under the same buffer conditions as the GTPase assay ( Fig. 2A, b, c, f, and g ). In the presence of GTP, there was a significant increase in spot III (corresponding to the Dyn1 dimer) as compared with that in the absence of GTP (Fig. 2Ab and f versus a and e). The addition of PS-liposomes caused a slight decrease in spot III ( Fig. 2Ac and g versus b and f). The effects of GTP and PS-liposomes on spot III were similar for Dyn1 wt and R386G. Next, similar analyses were performed using HeLa cells expressing Flag-tagged Dyn1 mutants (Fig. 2B ). An increase in the spot corresponding to Dyn1 monomer was seen in the case of the HeLa cells transformed with pCMVFlagR386G, as compared with cells transformed with pCMV-FlagDyn1wt (Fig. 2B, dotted frame on b versus  a) . The results for the Flag-R386G-expressing HeLa cells were consistent with those obtained using purified R386G-His 6 (Fig. 2B, b versus Fig. 2A, g ).
Replacement of Arg-386 with Gly in Dyn1 did not affect intermolecular interactions
To investigate the influence of replacement of Arg-386 with Gly on intermolecular interactions, we performed co-immunoprecipitation analyses of HeLa cells transformed with the plasmids constructed ( Fig. 3A and  B) . Myc-R386G interacted with Flag-Dyn1wt as well as Myc-Dyn1wt (Fig. 3A, lane 3 versus lane 2) . Moreover, Myc-R386G interacted with Flag-R386G (Fig. 3A,  lane 5 versus lane 2) . The intensity of Myc-Á519-658 decreased on co-immunoprecipitation with Flag-Dyn1wt and Flag-Á519-658 as compared with full-length MycDyn1 (Fig. 3A, lanes 4 and 6 versus lanes 2, 3, and 5 ). Endogenous Dyn2 interacted with Flag-R386G as well as Flag-Dyn1wt (Fig. 3B, lanes 3 and 4) . There was no difference between Dyn1 wt and R386G with respect to intermolecular interactions.
R386G expression induced an increase in Tf uptake
To assess the effect of substitution of R386G on endocytosis, internalization of Alexa-Tf in GFP-Dyn1wt/ R386G-transformed HeLa cells was investigated by confocal microscopy (Fig. 4) . Dynamin-dependent endocytosis was observed in both GFP-R386G-expressing cells and GFP-Dyn1wt-expressing cells (Fig. 4A, B) . The vesicles in the GFP-R386G-expressing cells were smaller than those in the GFP-Dyn1wt-expressing cells (Fig. 4A and B magnified views) . ImageJ software analysis and Student's t-test also showed that the average vesicle size (35:8 AE 0:8 nm) in the GFP-R386G-expressing cells was smaller than that (42:9 AE 1:0 nm) in the GFP-Dyn1wt-expressing cells (t ð195Þ ¼ 5:65, p < 0:001), and that vesicle occupancy rate in the cytoplasm in the GFP-R386G-expressing cells was higher than that in the GFP-Dyn1wt-expressing cells (t ð209Þ ¼ 4:40, p < 0:001) (Fig. 4C and D) . Hence, there was an increase in Tf uptake in the GFP-R386G-expressing cells as compared to the GFP-Dyn1wt-expressing cells (t ð200Þ ¼ 2:77, p < 0:01) (Fig. 4E) . . White bold letters in black boxes are residues equivalent to Arg-386 in mouse Dyn1. Bold letters in gray boxes are variations that disrupt the dimer formation of Homo sapiens Dyn1, R361S and R399A. Bold letters in white boxes are amino acid residues corresponding to G358R, E368K, and R369W of Homo sapiens Dyn2. Bold letters are amino acid residues corresponding to temperaturesensitive variants of Drosophila melanogaster, R381Q and P401S. B, Schematic representation of Dyn1 variants used in this study. Á519-658 is a deletion variant of amino acid residues 519-658 on Dyn1. The deletion region of Á519-658 involves most of PHD and the N-terminus of GED. Á519-658 was employed as control for PS-liposome-stimulated GTPase activity. White bold letters in black boxes are residues corresponding to aa position 386 of mouse Dyn1. C, Time course of GTPase activity in the absence of DMSO. The GTPase activity of 20 nM Dyn1wt-His 6 was measured in the presence (hollow circles) and the absence (triangles) of PS-liposomes in terms of the concentration of released orthophosphate (Pi). D, GTPase activity in the presence of PS-liposomes under 5% DMSO. The GTPase activities of 20 nM Dyn1wt-His6 (hollow circles), R386G-His6 (solid circles), and Á519-658-His6 (triangles) were measured in terms of the concentration of released orthophosphate (Pi). E, GTPase activity in the absence of PS-liposomes under 5% DMSO. GTPase activities were measured in the same way as in (C). All results are representative of at least two independent experiments.
Discussion
Replacement of Arg-386 with Gly in Dyn1 favored monomer formation
The MD region participates in the intermolecular interactions of dynamin. 18) We investigated to determine whether Arg-386 in this assembly-related MD region is required for intermolecular interactions by means of co-immunoprecipitation analysis (Fig. 3) . The variant interacted with Flag-Dyn1wt, Flag-R386G, and endogenous Dyn2 (Fig. 3) . The spot corresponding to the Dyn1 monomer was observed on 2D-PAGE analyses of R386G-His 6 ( Fig. 2A, e-g ). Similar spots were observed on 2D-PAGE analyses of Flag-tagged dynamin-expressing cells ( Fig. 2A and B) . Moreover, the size of the monomer spot increased in the Flag-R386G-expressing HeLa cells as compared with the Flag-Dyn1wt-expressing cells (Fig. 2B, b versus a) . These results indicate that replacement of Arg-386 with Gly promotes the monomerization of Dyn1. The spots corresponding to the highest molecular mass oligomer (Fig. 2B, arrow I) were reduced in Flag-R386G as compared to FlagDyn1wt (Fig. 2B, b versus a) . Thus replacement of Arg-386 with Gly on Dyn1 promoted the monomerization of Dyn1, with a corresponding decrease in the highest molecular mass Dyn1 oligomer.
Human Dyn1 R361S and Dyn1 R399A form dimers showing assembly-defective, which are cooperatively impaired in self-assembly. 25) In our study, mouse Dyn1 R386G substitution tended to destabilize oligomer assembly (Fig. 2) . R369W, a variant of Dyn2 involved in CNM pathogenesis, forms abnormally large, stable Dyn2 complexes. 24 ) Thus it appears likely that the highly conserved region near Arg-386 in the MD region influences the stability of dynamin oligomer complexes.
Recently, the crystal structure of the assemblydeficient Dyn1 G397D variant was solved. 32) This substitution severely interferes with dynamin self-assembly, confirming that the MD is a critical role for intermolecular interactions. 32) Further, Faelber et al. solved the crystal structure of nucleotide-free Dyn1 (PDB accession code 3SNH). 26) As shown in blue in that R386G promotes the monomerization of Dyn1 is consistent with these reports.
Interface-1 and interface-3 in the dynamin stalk mediate the oligomerization of dynamin, while interface-2 in the stalk mediates the assembly of dynamin dimers. 17, 26, 32) R386G interacted with the Dyn1 variants (Fig. 3) , and spot III, corresponding to the dimer, was observed in 2D-PAGE analysis of R386G (Fig. 2) . These results indicate that the dimer of R386G might be formed via interaction at interface-2.
R386G expression did not inhibit endocytosis
Arg-361 and Arg-399 on MD are important residues for dynamin GTPase activity. 25) We investigated to determine whether Arg-386 also plays a role by means of GTPase activity assay in the presence of 5% DMSO (Fig. 1D) . The addition of PS-liposomes resulted in a 1.7-fold increase in the GTPase activity of Dyn1wt-His 6 (Fig. 1D versus E) . In contrast, the addition of PSliposomes led to a 30-fold increase in the GTPase activity of Dyn1wt-His 6 in the absence of DMSO (Fig. 1C) . These results are consistent with a report by Chakraborty et al. that GED assembly of the dynamin oliogomer is partially dissociated by DMSO. 29) Thus our results for the presence of 5% DMSO mainly reflect changes of dynamin assembly involving the MD and GTPase domains.
There was no significant difference between the GTPase activity of R386G-His 6 and that of Dyn1wt-His 6 in the presence of PS-liposomes (Fig. 1D) . This is consistent with the confocal microscopic finding that cells expressing GFP-R386G did not show reduced Tf uptake via membrane fission and pinching-off of vesicles (Fig. 4B) . Despite the possibility that expression of R386G interferes with endogenous Dyn2 owing to interaction between expressed R386G and endogenous Dyn2, as shown in Fig. 3 . The GFP-R386G-expressing cells showed increased Tf uptake (Fig. 4E) . This suggests that R386G expression does not inhibit endocytosis.
The role of GTPase activity in the absence of lipids in the disassembly of Dyn1 oligomer GTP hydrolysis plays an important role in the mechanism of endocytosis, which involves dynamin assembly, conformational change in the dynamin molecule, pinching-off of vesicles, and dissociation of dynamin from the lipid membrane. 8, 20, [33] [34] [35] [36] [37] GTPase activity in the absence of phospholipids, so-called basal intrinsic GTPase activity, tends to decrease upon disassembly of the dynamin oligomer. 38) It has been reported that the addition of GTP leads to disruption of dynamin assembly supported by liposomes. 33) In a GTP hydrolysis-defective variant, K44A, the GTPase domain Red, GTPase domain (GTPase); pink, MD; green, PHD; yellow, GED; blue, arginine-386 residue. Arg-386 is located on predicted interface-3, which mediates the formation of Dyn1 dimers.
bound much more strongly to the GED. 19) In the present study, purified Dyn1 proteins tended to form highermolecular-mass oligomer complexes (Fig. 2 , arrows I and II) in the absence of both GTP and PS-liposomes ( Fig. 2A, a and e) . Further, we found that the addition of GTP caused an increase in Dyn1 dimer formation ( Fig. 2A , arrows III on b and f versus a and e). Collectively, these results indicate that basal GTP hydrolysis in the absence of lipids is necessary for the disassembly of Dyn1.
It has been reported that R369W, which forms abnormally stable polymers, showed higher GTPase activity than the Dyn2 wt in the absence of phospholipids. 24) In the persent study, we found that the GTPase activity of R386G-His 6 was drastically reduced in the absence of PS-liposomes as compared with that of Dyn1wt-His 6 (Fig. 1E) . Replacement of Arg-386 with Gly promoted monomer formation of Dyn1 independently of PS-liposomes ( Fig. 2A and B) . The addition of PS-liposomes caused a slight decrease in spot III, corresponding to the Dyn1 dimer as compared with the absence of PS-liposomes ( Fig. 2A, c and g versus b and f). These results also confirm that GTPase activity in the absence of lipids id important for the dissociation of oligomer complexes.
